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CE-EFUSTICS CIF AHOTJEZ! DISCHARGED FROM A 

By Ffillism A. Fleming 

SUMMARY 

An investLgation of a heated Jet was conducted in conjunction 
with tests of an axial-flow jet-propulelon engine in the Cleveland 
altitude whd tunnel. Pressure end tewerature surveys were nade 
across the Jet 10 and 15 feet behind the jet-nozzle outlet of the 
engine. Surveys were obtained at pressure altitudes of 10,000, 
20,000, 30,000, and 40,000 feet with test-section velocities from 
30 to 110 feet per second end test-section temperatures fram 60' 
to -SO0 F. Frcm measurements taken throughout the operable range 
of engine speeds, tall-pipe outlet temperatures from 5oO" to l25Go F 
and jet velocities from 400 to 2200 feet per second were obtained. 
The jet-survey d&a presented extend the murk previously done tith 
low-velocity end low-temperature jets to the region of high veloc- 
ities end high temperatures. 

The results obtained agree with previously determined experi- 
mental data and with predicted theoretical expressions for the 
dimensionless traneverse velocity and temperature profiles across 
a Jet. The spread of both the temperature and the velocity pro- 
files was very nearly linear. Dtiensionlese plots of temperature 
and velocfiiy along the axis of a heated Jet agree with experi- 
mental results of tests with a cold jet. 

The characteristics of the spread of a jet have been theo- 
retically investigated (references 1 and 2) and experiments were 
conducted with small slightly heated :ets (reference 3) and with 
a large Jet at room temperature (reference 1, p. 599). This work 
was done at approximately sea-level pressure w:th the air surrounding 
the Jet at very nearly static conditions. Scxne vork haa aleo been 
reported on small oblique jets discharging into a high-velocity 
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stream. No results are generally available on characteristics o* 
high-temperature, high-velocity jets of the size encountered in Jet- 
propulsion engines. 

In conjunction with tests of & jet-propulsion engine epulpped 
with an axial-flow compressor in the Cleveland altitude wind tunnel, 
& survey of the Jet was made to provide information by which sn 
engine could-he so located in an airplane that no external. mrface 
wa8 overheated by the jet. Data were obtained et altitudes from 
10,000 to 40,000 feet by varying the temperature and pressure in the 
tunnel. 

The temperature~and the velocity on the @xi8 of the jet and the 
diameter of the jet are presented nondimensionelly as functions of 
the axial dists.n?e from the jet-nozzle outlet and the diameter of the 
Jet at the vena aontracta. Nond!mensI.onal transverse profiles of 
velocity snd temperature across the Jet are presented as functions 
of the distance from the Jet axIs end the radius of the Jet boundary. 
Comparisons sre made between thase data and previously published 
theoretical predictions by Prandtl (reference 2) and experLmenta1 
data. reported.by Corrsin (reference 3.) 

. 

INSTRUMENTATION AND SURVCEY APPARATUS 

A survey rake w&s mounted vertically in the 20-foot-diameter teat 
section of the altitude wind tunnel 10 feet behind the Jet nozzle for 
part of-the tests and 15 feet behind the Jet nozzle for the other 
tests. (See fig. 1.) Unshielded total-pressure tubes were used In 
the survey rake. Unshielded chromel-alumel thermoaouples were used in 
the high-temperature region of t-he Jet end iron-cqnetanten thermo- 
couples were used in the low-temperature regions of the survey. The 
survey of total pressures sndtemperettures extended 14 feet ecross the 
test section and the center of the survey was on the axis of the jet 
nozzle. No static-pressure measurements were made in the jet. Inas- 
much es the surveys were made beyond the veti contracts, the static 
pressure in the JetHeLs assumed equebl to the test-section static 
pressure. 

A survey rake was installed at the jet-nozzle outlot to me&sure 
the distribution of temperature end pressure across the jet. Typic&l 
surveys of temperature and pressure at the Jet-nozzle outlet are pro- 
sented in reference 4 (fig. 5), 

. 

. 
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. 

Temperature antI pressure surveys were made across the jet to 
determine the magnitude, the bounderies, and the transverse prafile 
of the jet. The surveys were ma&e vertically across the axis of the 
jet at distances of 10 and Efeet behind the jet-nozzle outlet. 
The surveys made at 10 feet were with en 18-inch-dimeter jet nozzle 
installed on the engine and the eurveys made at 15 feet were tith a 
I9$-iuoh-diameter jet nozzle. The jet nozzles were conical sections 
20 and 10 inches long, rosgootivefy, with an inlot dfemeter of 
21 inches. 

Inveetigatiom of the jet Ch8ra&Bri%tiC% were made at pressure 
altitudes of lO,OOU, 20,000, 30,000, and 40,000 feet with test-section 
velocities varying from 30 to 110 feet Per 13moti. TXo temperature in 
the test eection w&a varied from 60° to -50° F au& m'atterupt wa% made 
to obtain approximately lYACA standard temperatures for each altftuh. 
The engine wa% operated frcm idlzng %PBed to full speed end the tail- 
pipe temPerature% were correspondingly v%zied from 500° to 1250° F 
with reepective jet velocit$es from 400 to 2200 feet per second. 
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SYME3OI8 

The following symbols are used in this report: 

area, square feet 

specific heat of gas at constant pre%sure, Btu per pound per oF 

di%ZRBtBr, feet 

acceleration of gravity, feet per eecpnd per second 

total pressure , pounds per sqmre foot absolute 

meohanical equivalent of heat, foot-Pounds per Btu 

mast3 flow, slugs per second 

static pressure , pounds per square foot abeOlUtB 

gas constant, feet per OR 

radius, feet 

total temperature, 47 
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Ti 

t 

v 

W 

X 

Y 

Y 

P 

indicated temperature, OR 

static temperature, OR 

velocity, feet per.socond . 

weight flow, poUnde per sedorid 

distance from jet-nozzle outlet, feet 

distance from jet axie, feet 

ratio of specific heats for gas%% 

mat38 density of gas, slug% per cubic foot - 

Subscripte: - . . . _ . . ,. -I 1 . 1 -- 

B exhaust gas 

3 exhaust jet at vena contracta 

0 free stream 

x on jet axis at distance x from nozzle 

Y at distance y from jet axis 

MErEODs a? CALCULATIQN 

The total preosuroa and Mmperaturos u~led to calculate the 
velocity across the jet were obtained from fairod values of tho 
meaeurod data. From these values and an-assumed static preesure 
in the jet equal to the to&-section at&tic proS%urc, ti3e jet 
velocity w-a8 calculated a8 

Vy 4d2Jgcpty 1 (Hy/Po) ', -. l/ 
. . 

(1) 

The test-section velocity and the maximum jot vofocity (the 
velocity at the vena contracta) were calculated with.equation (1) 
by substituting the corresponding values of' tom~eraturo end 
pressure. In order to dotermine tho maximum jet velocity, the 
assumption was made that the total prosaure and tomperataro at tho 
vena contracta were the same a% at the jot=nozzlo outlot and the 

L 
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jet was assumed to so expand adiabatically that the static pressure 
at that station W&B equal to the test-section Static pressure. 

The theoretical area of the jet at the vena contracta was deter- 
mined from the mass, the velooitg, and the density of the ga% flow 
calculated for that station. Combining these quantities gave the 
equation 

Inaemuch as the velocity and the temperature were measured and found 
to be nearly uniform acroee the nozzle outlet, the a%sumption was - 
made that they were uniform %oro88 the vena CtitraCta. 

A sample thermoCaZplB of the type used in the 8urvey rake wa% 
calfbrated cold up to a kch number of about 0.8. This calibration 
showed that the thermocouple measured the static t=perature plus 
approximately 85 percent of' the adiabatic tmperature ri%e due to 
the impact of the air on the thermocouple. If the radiation effect 
of the tunnel test-section wall and tail pipe on the thermocouple 1% 
neglected, the static temperature ier then 

t Ti = (3) 

1 + 0.85 

CEARACTEFXSTICS O??HOTEXHAUSTJET 

Typical profiles of the velocity and the temperature a.oro%s 
the jet are shown in f&ure 2. Variation of the temperature and 
the velocity out&de the jet was due to the change in free-stream 
temperature and velocity in the tunnel test section. Profiles euch 
.a% those in figure 2 were used to determine the jet boundaries and 
the magnftude of the temperature and the velocity across the jet. 
The v8na contracta, which fa the station downstream of the nozzle 
at which the jet reaches ambient preseure and begins to spread, is 
COI'UidBred a discharge. orifice that has a diameter Dj. This 
diameter, a% calculated frcnu the results obtained by equation (2), 
was found to be from 3 to 10 percent aller than the jet-nozzle- 
outlet diameter. Inasmuch as these two diameters were approximately 
the same, the assumption was made that the jet bBg%n to expand 
immediately behind the jet-nozzle outlet and that the ven% contra&a 
wa8 very close to the jet-nozzle outlet. This aesumption is marl-y 
correct and is the best that can be made Inasmuch as no %urvey% were 
made closer than 10 feet from the nozzle. 
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The distance x frcrm the origin of the jet and the jet diam- 
eter I& were divided by the diameter of the vena contracta Dj 
and are nondimensionally plotted in figure 3. The diemeter of the 
jet % was found tube very nearly a linear function of the 
distance x along the axis from the jet-nozzle outlet. The diam- 
eter of the temperature profile was approximately 0.28 times the 
distance from the origin of the jet and the diameter of the velocity 
profile was approximately 0.26 times the distance from the origin 
of the jet. Correin (reference 3) presents curves fern tests with 
a small heated jet, which also show that the diameter of the tamperA 
ature and velocity profiles increase very nearly linearly with axial 
distance from the nozzle. Prandtl theoretically predicted (refer- 
ence 2) that the diameter of the velocity profile would be 0.255 times 
the distance from the origin of the jet. The curves in figure 3 are 
extrapolated to unity at the jet-nozzle outlet, which is very olose 
to the point at which the vena oontracta occurs. 

A nondimensional ex-presslon for the velocity at the jet axis 
is plotted in figure 4 against the distance from the origin divided 
by the vena-contracta diameter x/D . 

iI! 
The nondimensional expression 

for velocity is the ratio of the d .ferenoe between the velocity on 
the jet axis and the free-stream velooity to the difference between 

vY.-vo 
the maximum jet velocity and the free-stream velocity - vj-v(f The 
data presented were obtained at distances of 6.67 and 9.23 jet-nozzle 
diameters behind the jet nozzle for pressure altitude8 of 10,000, 
20,000, 30,000, and 40,COO_feet throughout the greater part of the 
engine-speed range. The curve. plotted through these points in fig- 
ure 4 was obtained bx Corrsin (reference 3) from an investigation of 
a heated jet. The c&e and plotte~?&Zi% are in ~TosG~~Z@Sement, 
between 6 and 7 diameters of the vena contracta frqm thB origin of 
the jet; between 9 and 10 diameters from the origin, however, the 
curve is slightly below the plotted data. No data were obtained to 
confirm the shape of the curve at less than 6 diameters from the 
nozzle. 

In all the relations presented that involve the temperature 
in the jet, total temperature was used. Although the developslent 
of jet theory uses the static temperature, the total temperature 
is more significant in the case of a heated jet because it is a 
measure of the total energy in a jet, A particle of gas bsing 
discharged fram a heated jet has a greater amount of heat and 
kinetic energy than a similar particle in the free stream. When 
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an energy exchange occurs fn the mixing process, the jet gives 
up part of Its heat energy and part of Its kinetic energy to the 
free stream. In the transfer of Binetic energy the losses are 
converted into heat energy. When the static tRmp8rature is used, 
the kin8tic enera converted into heat energy is neglected. 

A nondImensional expression for the total temperature on the 
jet axis, which is sitilar to the velocity expression, is plotted 
against "/Dj In figure-5. The nondimensional factor for total 
temperature is the ratio of the difference between the total 
temperature on the jet axis and free-stream temperature to the 
difference between the total temperature at the vena contracta and 

TX-TO the free-stream temperature -. 
TJ-TO 

These data were obtained for 

the same range of conditions as the velocity parameters presented 
in figure 4. The curve plotted ti figure 5, which was determined 
by Correin, and the plotted data are ti close agreesrent. 

The velocity profile across the jet is plotted nondimensionally 
(fig. 6) against the distance from the jet axis divided by the 
radius of the jet y/r. The velocity parameter is the ratio of 
the difference between the velocity in the jet and the free-stream 
velocity to the difference between the velocity on the axis ti 

the free-&ream velocity g. The data presented were 

obtained at 6; and 9$ vona-$on?racta diameters (10 and 15 ft) 
behind the jet-nozzle outlet at pressure altitudes of 10,000 and 
30,000 feet throughout the @eater part of the engine-speed range. 
The data obtained tlhroughout the entire rang8 of test conditions 
fell on a single curve for velocity profile at each station. 

A dashed curve that represents the theoretical shape of the 
jet at laxgo distances from the jet-nozzle outlet is &SO plotted 
infIgure6. An expression for thfs curve wae presented by Prandtl 
in reference 2 (equation (25.20)) a8 

where p is the ratio of the mixing length peqQndiCdA3? to the 
direction of flow to the width of the mixing zone and M is the 
total momentum contained in a portion of fluid of unit length in 

(4) 
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the dirsction of motion and unit width porpondicular to the 
direction of motion. Therefore, in-the case &iscussed 

o.=Ll 
B I/- 

M - v -v 
pt x0 

&uaticm (4) can then bo rearranged 60 ,@V8 the nondimensional 
velocity parsmetor 

vY-vO 

[ 1 
2 

vX-vU 
ml- fgJr)3’2 (5) 

T~Q curve ohtainod wit?~ this squation is in rQ,asonablo agreament 
with the measured data, 

The temperature profile acroes thQ joT;is plotted nondi- 
menaionally in figWQ7 againet-the distance frcx9 the jet axis 
divided by the jot radius y/n. Tbo tQmporaturo paremottx is the 
ratio of the differonce botwoon tho t&al tomperatWa in the jet 
and the froo-&roam t,Oi;Sl tQm~8rQturo to thy differonco botwoQn 
the total tompQraturQ On the jet aXiS and thQ.frQe-StrQam total 

TY-TO tQmporat,uro -. Tho data in figuroe‘;I(a>a% 7(b) w&b obtained 
,Q..:“ TX-T 

.4O 
,. 

at 62 "and 9$ vQ&-contracta diameters (10 and 15 ft) bohind the 
nozzle outlet, respoctfvoly. ThQ data obtained throughout ths 
entire rango of test condition8 fell on a single curve at oath 
station. 

Accordi% to tho momQntum-transfer theory, tha static- 
tomporaturo distribution and the velocity distribution across a 
wake aro tho samo. This relation is discussod by Goldstein in 
rofexnco 1 (p,535). Inasmuch ae tho tctal tompcrsturo is moro 
significant than the static tomporaturo in work with a hoatod 
jet and tho total-tQmpQratura and static-Comporaturo profiles 
aro similar, tho total tQmporature is substituted for velocity 
in equation (4) to give- 

TS-TO = 1 _ 
1 

2 

Tx-TO b/r)3’2 1 (6) 

This oquation gives the dashed curve plotbod in figwo 7, which 
is vory similar to thQ dimonsronloes total-tomporaturo profile 
experimontnlly moas:ulQd. A COLZIpU'iSOn of fivs G and 7 ShOWs 
that the shapes of the dimensionless total-tqorcturo and 
v8locity profiles across a hQatod jot are very nearly tho semo. 
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A slight asymmetry in both taperature and velocity profiles 
was attributed t0 int8rf8rQnCQ bQtwQ8n the jet wake and tho wake 
from the trailing edge of the airfoil on which the on@nQ was 
supported. Approximately the ssm8 degree of iasytmILOtry appear8 
for temperature and velocity profiles. 

Ths data presented for 18- and 19$-inch-diamotcr jots with jet 
velocities as high as 2200 feet per second arid jot temperatures as 
high as 1250° F extend tho ::ork dons by Corrsin (rcforonco 3), in 
which ho investiCatod the wake of I- and'3-inch heated jets with a 
throat velocity of approxZmatoly 67 foot per second. A sompnrfson 
of the wind-tunnel results and inveetI@Vtions by Corrsin indioatod 
that tho characteristics of a small low-vQlocity and low-tcanpcruture 
jet are similar to those of a large high-velocity and high- 
tomp0raturc jot. Results of the jst surveys also agroo with tho 
theoretical predictions for the shaRe and the spread of a jet. 

Based on the som8Vhat limited data of thle invostfgation at 
pressure altitudes frcmlO,OOC to 40,000 fQet, tafl-pipe tmpera- 
tures frcan 500° to 1250° F; end jet velocities frcs~ 400 to 2200 feet 
per second, the following resL?lts axe prosonted: 

1. Dimensiofiess plots of.tQmperattxrQ and ve~ocitg distri- 
bution in a heated jot er6 fn close agromnt with theoretics 
predictions and tith experimental resulta from tests of cold jots. 

2. The spread of the tamp8raturQ and velocity profiles of a 
heated jet were very nearly linear, which agrees closely tirith 
theoretical pr8diCtiOns. Heat diffuses mor8 rapidly than velocity 
in a heated jet. The diamQtQr of tho tnmporaturo proftle wao 
approxtitely 0.28 times the distance from the nozzle outlot and 
the diamQter of the VelOCity profile wa8 app??oxtitely 0.26 tZ3ms 
ths distance fromtho nozzle outlet. 
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3. Dimensionless plots of temperature and velocItr on the ax:s 
of a heated jet are fn fairly close agreement-with eqmrimental 
results of tests with a cold jet. 

Aircraft Ek@ne Research Laboratory, 
National Advisory Committee for Aeronautlos, 

Cleveland, Ohio. 
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altitude, 10,000 feet; jet-nozzle-outlet diameter, 18 inches. 
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diameters from jet origin. 

Figure 6. - Comparison of transverse velocity profile measured 
across jet with theoretical profile cslculated from 
equation (5.). 
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(b) Profile mea&Yed.at a~praxi.~~~ely 95 vena-contracts 
diameters frbm jet origin. 

Figure 6. - Concluded. Comparison of-transverse velocity profile 
measured across jet with theoretical profile calculated from 
equation (5). 
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(a} Profile measured at approximately 64 vena-contracta 
diameters from jet origin. 

Figure 7. - Comparison of transverse temperature profile 
measured across jet wi.th theoretical profile calculated 
from equation (6). 
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diameters from j.et origin. 
Figure -7. - Concluded. Comparison of transyerse temperature 

profile measured across jet with theoretical profile 
calculated from equation (6). 


